Apoptosis of inflammatory cells is a critical event in the resolution of inflammation, as failure to undergo this form of cell death leads to increased tissue damage and exacerbation of the inflammatory response. Many factors are able to influence the rate of apoptosis in neutrophils, eosinophils, monocytes and macrophages. Among these is the signalling molecule nitric oxide (NO), which possesses both anti-and proapoptotic properties, depending on the concentration and flux of NO, and also the source from which NO is derived. This review summarises the differential effects of NO on inflammatory cell apoptosis and outlines potential mechanisms that have been proposed to explain such actions.
Introduction
The free radical nitric oxide (NO) was first discovered as an endogenous vasodilator released from the endothelium to regulate vascular tone. 1 However, it is now known that NO is a key mediator in a great number of physiological and pathophysiological processes (see Quinn) . 2 This ubiquitous signalling molecule can regulate the rate of apoptosis, or programmed cell death, in many cell types, including human inflammatory cells. Whether or not cells undergo apoptosis depends on the net balance of a large number of pro-versus antiapoptotic factors. Studies have revealed that NO has both pro and antiapoptotic properties, depending largely on the concentration and flux of NO, and the cell type under scrutiny (for reviews, see Nicotera et al. 3 and Kim et al. 4 ). It has been proposed that low concentrations of NO, derived from constitutively active endothelial and neuronal isoforms of NO synthase (eNOS and nNOS), usually have a protective effect on cells whereas higher concentrations derived from the inducible isoform (iNOS) are more likely to drive cell death. 3 In stark contrast to cells undergoing necrosis, apoptotic inflammatory cells fail to release their proinflammatory and histotoxic contents. 5 Furthermore, their clearance by professional phagocytes such as macrophages occurs via a nonphlogistic mechanism, which additionally aids the resolution of the inflammatory response (see Figure 1) . 6 Thus, apoptosis is generally regarded to be noninflammatory and is crucial for the successful resolution of inflammation. Chronic inflammatory conditions are frequently characterised by an apparent failure of myelocytic inflammatory cells to respond to apoptotic stimuli, or of phagocytes to remove apoptotic cells. Persistence of these cells leads to damage of the surrounding tissue and exacerbation of inflammation, as cells ultimately undergo either primary or secondary (following failed clearance of apoptotic cells) necrosis, an extremely proinflammatory form of cell death (see Figure 1) . 5, 7 Manipulation of the rate of apoptosis in critical inflammatory effector cells, such as neutrophils, eosinophils, monocytes and macrophages, could therefore be of therapeutic benefit. 7 NO is capable of inducing inflammatory cell apoptosis and also possesses several other anti-inflammatory properties, including direct downregulation of leukocyte functions, such as neutrophil and monocyte adhesion, and neutrophil chemotaxis, degranulation and superoxide anion (O 2 À ) generation. [8] [9] [10] It also acts to maintain the impermeable nature of the vascular endothelium to leukocytes. 9 Thus, manipulation of NO concentrations is a particularly promising candidate to alter leukocyte function and rates of apoptosis in inflammatory conditions.
A number of different NO donor classes have been utilised to investigate the role of NO and NO-related species in apoptotic processes. These fall into several broad categories defined by the species derived and the metabolic process underlying NO release. 11 Existing drugs such as sodium nitroprusside (SNP), azide and hydroxylamine require complex metabolism to generate intracellular NO. Release of NO from azide and hydroxylamine is catalase-dependent, while membrane-bound proteins are thought to have a role in NO generation from SNP. 11, 12 Another class of NO donors is the S-nitrosothiols, which can release NO spontaneously, probably both inside and outside the cell. However, they also have the ability to transfer NO + to free reduced thiols and cysteine residues in proteins, thus modulating enzyme activity, and this may constitute an important component of their cellular effects. 12, 13 The diazeniumdiolate, or 'NONOate', compounds are nucleophiles with two molecules of NO, which are spontaneously released in aqueous solution in a temperatureand pH-dependent reaction. A wide variety of diazeniumdiolates are available, such as spermine (SPER/NO), diethylamine (DEA/NO) and diethylenetriamine (DETA/NO)-based compounds, each with a different rate of release of NO that depends on the nature of the nucleophile.
14 Finally, although not strictly NO donors, the sydnonimines are frequently used in studies into the effects of NO. These compounds, such as SIN-1, generate equal amounts of NO and O 2 À , which combine rapidly to form peroxynitrite (ONOO À ); as a result, they are generally considered to be ONOO À donors. 15 As the oxatriazole-5-imine derivative GEA 3162 is structurally similar to molsidomine, the precursor of SIN-1, it is possible that GEA 3162 generates ONOO À rather than pure NO, although this issue remains to be resolved. This review will examine our current understanding of the regulation of inflammatory cell apoptosis by NO and the mechanisms through which the process is mediated. Primary human inflammatory cells will constitute the main focus of the review since cell lines are usually transformed and, therefore, their apoptotic machinery is likely to be altered. The biology and chemistry of NO, 2 the various classes of NO donor 11 and the apoptotic process itself 16 have all previously been extensively reviewed elsewhere and will not be covered in detail here. The regulation of apoptosis in distinct inflammatory cells of the myeloid lineage will be considered first, and summarised in Table 1 , then potential mechanisms Figure 1 Death pathways and phagocytic clearance of inflammatory cells. Cells may undergo apoptosis, the noninflammatory form of cell death, in which granule contents are retained within the cell, and cells are cleared by macrophages that release anti-inflammatory mediators. Alternatively, they may undergo primary necrosis, during which the cell membrane integrity is compromised and granule contents are lost, exacerbating inflammation and tissue injury. Phagocytosis of these cells leads to release of proinflammatory mediators from the macrophages. In the event of failure of phagocytosis, or if the capacity of the phagocytes to ingest cells is exceeded, then apoptotic cells may enter into secondary necrosis. Again, this leads to release of toxic granule contents and clearance by a proinflammatory mechanism. TGF, transforming growth factor; IL, interleukin; TNF, tumour necrosis factor; Tx, thromboxane through which NO may be acting will be discussed in general (Figure 2 ), as inevitably there seems to be a large degree of overlap between the mechanisms engaged in different cell types.
Regulation of Inflammatory Cell Apoptosis by NO Myelomonocytic cells
It is well established that exogenous or endogenous iNOS-derived NO induces apoptosis in macrophages. Indeed, the macrophage was the first cell type in which NO-mediated apoptosis was demonstrated. 17, 18 Much of the work on this cell type has been carried out using cell lines, in particular, the murine macrophage cell line RAW 264.7. However, uncertainties have now been cast over the relevance of data obtained with animal cell lines to humans, as it has become apparent that species differences are more important than initially anticipated. Critical differences have been discovered in enzyme pathways in macrophages from different species, which may have a profound effect on NO production in these cells. It has been demonstrated that, whereas murine-and bovine-stimulated macrophages can produce copious amounts of NO, human, caprine, lapine and porcine cells may not be able to do so. 19, 20 Thus, although it is clear that stimulation of murine macrophages with LPS and IFN-g provokes NO production from iNOS, which is sufficient to induce apoptosis, [21] [22] [23] [24] it is by no means certain that this is also the case in human cells. Nevertheless, despite the relative inability of human macrophages to produce endogenous NO upon external stimulation, they appear to respond to exogenous sources of NO in much the same way as those from other species. NO from the Snitrosothiol, S-nitrosoglutathione (GSNO) and the spontaneous NO generator, SPER/NO, increased apoptosis in both RAW 264.7 cells and primary human monocyte-derived macrophages. 25 Therefore, observations using NO donors in murine cells could still be extrapolated to human cells, and may provide useful guidance on the potential therapeutic benefits of using NO in inflammatory conditions. Several NO donors have been demonstrated to elicit apoptosis in RAW 264.7 cells, including sodium nitroprusside (SNP), 26 Snitroso-N-acetylpenicillamine (SNAP), 24 31 showed that overexpression of superoxide dismutase (SOD) in RAW 264.7 macrophages inhibited NO-mediated apoptosis, which implies a role Hebestreit et al.
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Hydroxylamine 300-1200 SNAP 1-100 SIN-1, 3-morpholino-sydnonimine; SNAP, S-nitroso-acetyl-penicillamine; iNOS, inducible nitric oxide synthase; GSNO, S-nitrosoglutathione; SPER/NO, spermine diazeniumdiolate (NONOate); SNP, sodium nitroprusside; DETA/NO, diethylenetriamine diazeniumdiolate (NONOate); ONOO À peroxynitrite; DEA/NO, diethylamine diazeniumdiolate (NONOate); SNOC, S-nitrosocysteine; IL, interleukin for ONOO À , on further investigation they found this not to be the case. The ONOO À scavenger, uric acid, failed to block apoptosis elicited by the NO donors GSNO and SPER/NO, while abolishing that induced by SIN-1, thus ruling out ONOO À as a mediator of NO-induced apoptosis. Inhibition of murine monocyte/macrophage J774 cell apoptosis by NO has also been reported when O 2 À was scavenged using SOD. 32 Boggs et al. 29 found that a subset of RAW 264.7 cells that were resistant to NO-induced apoptosis had lower glutathione (GSH) levels and, therefore, higher oxidant status than nonresistant cells.
Little work has been carried out to examine the effects of NO on apoptosis in primary human monocytes that have not matured into macrophages. Adrie et al. 33 demonstrated that the peroxynitrite donor, SIN-1 (0.25À2 mM), induced cell death (apoptosis and necrosis) in primary human monocytes from healthy volunteers, but that NO from S-nitroso-Nacetylpenicillamine (SNAP; 0.5À2 mM) was unable to do so. Muhl et al. 34 used U937 cells and peripheral blood mononuclear cells from human volunteers, and demonstrated an induction of apoptosis using DETA/NO, which has also been shown by Ferret et al. 35 to induce apoptosis in U937 and THP-1 cells. Some studies have also demonstrated NO-induced apoptosis in HL-60 cells, using DETA/NO, SNP and SNAP, [36] [37] [38] while ONOO À from SIN-1 can also induce apoptosis in human and canine long-term marrow cultures and J774 cells. 39 Borutaite et al. 40 demonstrated increased caspase activation in J774 cells treated with GSNO, SNAP and DETA/ NO (1mM), which is generally accepted to be an indication of apoptosis. However, morphological apoptosis was not measured in these studies.
Neutrophils
In recent years, it has become clear that NO also has the ability to induce apoptosis in neutrophils. Wong et al. 41 demonstrated that the oxatriazole-5-imine derivative, GEA 3162, and SIN-1 increased the rate of apoptosis in human neutrophils. Simultaneously, Brennan et al. 42 found increased markers of DNA fragmentation treated with high (8-32 mM) concentrations of SNP in these cells. However, this effect may have been the result of respiratory inhibition by cyanide derived from the liberation of NO from such high concentrations of this compound. Since then, a number of groups have validated these findings through the use of several different sources of NO. NO gas (20 and 50 ppm) reduces cell viability and augments DNA fragmentation over 2 or 24 h of culture, an effect that is particularly pronounced in the presence of 80% O 2 .
43 Whether this cell death comprises apoptosis or merely necrosis, however, remains unclear. An induction of neutrophil apoptosis has also been observed using both traditional NO donors such as SNP 44 and different sources of NO such as GSNO (0.5-5 mM). 45 Blaylock et al. 46 reported that GEA 3162 (10 mM) increased neutrophil apoptosis as assessed by annexin V binding to exposed phosphatidylserine (PS) at 4 and 8 h, but not at 16 h. On the other hand, the ONOO À donor, SIN-1 (1 mM), showed no significant increase in PS exposure compared to control cells, although there was a small enhancement of annexin V binding at 4 h. The effects of these two compounds were also studied by Ward et al., 10 who demonstrated that concentrations of 10-100 mM GEA 3162 and 0.3-3 mM SIN-1 enhanced caspase-dependent morphological neutrophil apoptosis at 6 and 20 h, and 30-100 mM GEA 3162 increased annexin V binding at 6 h. In contrast to Blaylock's study, however, the increase in morphological apoptosis by 10 mM GEA 3162 was not significant at 6 h, whereas Blaylock observed significant differences at just 4 h. The principal methodological difference between the two studies is in the culture conditions. It has previously been demonstrated that the microenvironment, including cell density and concentration of plasma proteins, has a critical effect on the rate of neutrophil apoptosis in vitro. 47 It must therefore be emphasised that the choice of culture conditions may subtly alter the effects of NO on neutrophils, and experimental design should receive careful consideration.
The early induction of PS exposure, but later absence of differences between control and GEA 3162-treated cells was confirmed and extended by Taylor et al. 48 in 2001. It was reported that 30-100 mM GEA 3162, 300 mM-1 mM SPER/NO and 1 mM DEA/NO all induced morphological evidence of neutrophil apoptosis over 20 h. However, PS exposure was only increased from control levels at early time points in GEA 3162-treated neutrophils. The shedding of CD16 by apoptotic neutrophils equated well with morphological indications of apoptosis, but DNA fragmentation, as evidenced by propidium iodide intercalation and DNA ladders, was not necessarily observed alongside other markers of apoptosis. GEA 3162 (30-100 mM) and SPER/NO (1 mM), but not DEA/NO (1 mM), produced a paradoxical inhibition of DNA fragmentation despite a clear induction of apoptosis as assessed by other techniques. Figure 2 Proposed mechanisms for the effects of NO, its metabolites or byproducts on inflammatory cell apoptosis. Antiapoptotic effects are thought to be mediated through an increase in cGMP, S-nitrosation of apoptotic effector proteins or activation of the transcription factor NF-kB by NO or reactive higher oxides of nitrogen, especially N 2 O 3 the principal metabolite of NO which is likely to mediate many of its biological effects. A number of mechanisms have been suggested to explain the proapoptotic effects, which appear to converge on the release of cytochrome c from mitochondria and subsequent activation of caspases, the central proteases of the apoptotic cascade. NF-kB, nuclear factor kappa B; cGMP, cyclic GMP; ER, endoplasmic reticulum; DC m , change in mitochondrial membrane potential; MPTP, mitochondrial permeability transition pore Although there is a large body of evidence to demonstrate the proapoptotic effect of NO on neutrophils and the antiapoptotic effects in many cell types, it was not until recently that inhibition of neutrophil apoptosis by NO was reported. 48 NO derived spontaneously from low concentrations of the diazeniumdiolate compounds SPER/NO and DEA/NO reduced the rate of neutrophil apoptosis over a 20-h time course. In contrast, equivalent concentrations of the oxatriazole derivative, GEA 3162, produced no such inhibition, suggesting that the antiapoptotic effects of NO may depend on the mechanism of NO liberation from donor drugs.
Eosinophils
Conflicting results have been reported for the effects of exogenous NO on eosinophil apoptosis. Beauvais et al. 49 reported in 1995 that the catalase-dependent NO donors, azide and hydroxylamine, dramatically reduced the rate of apoptosis in this cell type, as evidenced by several apoptotic markers, with optimum concentrations for these effects being 100 mM for azide and 300 mM for hydroxylamine. In contrast, only a small inhibitory effect of azide (0.02-1.2 mM), hydroxylamine (300 mM-1.2 mM) and the S-nitrosothiol, SNAP (1 mM-1 mM), on constitutive eosinophil apoptosis was observed by Hebestreit et al. 50 However, Beauvais et al.
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later published that other sources of NO, which are not dependent upon enzymatic activity to generate NO, fail to promote eosinophil survival. Although SNAP (1-5 mM) inhibits eosinophil apoptosis, it appears to drive the cells into a necrotic state; overall cell survival is virtually unchanged. Similar effects were also reported for SIN-1, but it appears that cell survival actually increased as expected on exposure to this compound, with a concomitant decrease in apoptosis. Treatment with S-nitroso-cysteine (SNOC), which has a very fast rate of NO release, produced little change in either cell survival or apoptosis. However, it is important to note that the concentrations used in this study were extremely high (1-5 mM) and it appears that lower concentrations of SNOC (1-3 mM) and SNAP (1 mM) may in fact slightly increase apoptosis. It is therefore possible that submillimolar concentrations could induce eosinophil apoptosis, but that higher concentrations are sufficiently toxic to push the cells into necrosis. The increased eosinophil survival observed with azide and hydroxylamine was mimicked when 3-10 mM SNAP was added to the cells in the presence of 10 mM haematin, the ferric form of haeme. On the other hand, when the cells were first primed using the cytokine IL-5 (which promotes eosinophil survival), a simultaneous inhibition of eosinophil survival and induction of apoptosis was observed with SNOC (100 mM-3 mM) and DETA/NO (300 mM-3 mM). This difference from unstimulated cells was put down to the priming effect of IL-5. However, the concentrations used in these studies were considerably lower than in nonprimed cells, and as previously mentioned, submillimolar concentrations of these compounds could conceivably be able to induce apoptosis rather than necrosis, whether or not the cells are primed. Alongside spontaneous eosinophil apoptosis, NO has also been reported to inhibit cell death stimulated by Fas receptor activation. Hebestreit et al. 50 demonstrated that enhanced DNA fragmentation and PS exposure provoked by treatment with anti-Fas monoclonal antibody could be attenuated by NO derived from LPS and IFN-g-stimulated human monocyte-like U937 cells. This inhibitory effect on Fas-mediated apoptosis could be blocked using inhibitors of NOS (L-NMMA; 1 mM) or the GC pathway (LY 83583; 10 mM), and was mimicked in a concentration-dependent manner by exogenous NO from 0.02-1.2 mM azide, 0.3-1.2 mM hydroxylamine and 1 mM-1 mM SNAP.
In vivo effects of NO and its therapeutic potential
Delayed apoptosis of activated granulocytes has been reported to occur in a number of inflammatory conditions in humans or animal models, 5, 52 including rheumatoid arthritis, 53 acute pancreatitis, 54 bacterial pneumonia, 55 inflammatory bowel disease, 56 asthma, [57] [58] [59] and following surgery.
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Failure of these cells to undergo programmed cell death and to be cleared by phagocytes allows persistent and inappropriate inflammation to occur, as activated granulocytes release a number of proinflammatory mediators, which may contribute significantly to the aetiology of the disease. Therefore, the induction of apoptosis in these cells is a potential target for therapeutic intervention, by removal of the inflammatory effector cells, thereby minimising tissue damage and oedema. As NO has a wide range of anti-inflammatory properties, including inhibition of platelet and neutrophil functions (see Granger and Kubes 9 for review), this molecule could provide effective multitarget therapy against inflammation.
Although iNOS has been implicated in the pathogenesis of certain inflammatory diseases, such as arthritis, SLE and irritable bowel syndrome, 62 a number of studies have demonstrated a protective effect of NO against several conditions characterised by inflammation, such as glomerulonephritis, 63 acute hepatic necrosis, 64 arthritis, 65, 66 endotoxaemia 64 and acute lung injury 67 in vivo (reviewed by Clancy and Abramson 62 ). Most studies attribute these effects to the wide range of general anti-inflammatory properties of NO, as reviewed by Granger and Kubes, 9 and are outwith the scope of this review. Of particular interest with regard to this review, however, is the increasing evidence that the protection afforded against inflammation and immunity by NO may be mediated in part through the induction of inflammatory cell apoptosis. As for apoptosis induction in vitro, the concentration of NO in the local environment, 68 ,69 the timing of administration 70, 71 or the route of administration, and perhaps therefore the NOS isoform targeted 72 appears to be critical. Studies have suggested that lower doses of NO may be detrimental but that higher doses may attenuate the inflammatory response, with some authors proposing a role for the cytotoxic effects of NO on myeloid inflammatory cells. 69, [73] [74] [75] NO appears to be particularly effective in autoimmune conditions, such as experimental allergic encephalomyelitis (EAE), which serves as a model for human multiple sclerosis. 76 In this model, several studies have reported that iNOS-deficient rats or mice that were immunised directly with myelin basic protein developed exacerbated disease, although results obtained following immunisation with myelin basic protein-specific T cells often contradict these findings. 76 One proposed mechanism for the protective effect of iNOSderived NO is induction of apoptosis in macrophages or T cells. 71, 77 Other autoimmune disease models in which NO has been reported to be protective are the rat model of autoimmune interstitial nephritis and experimental autoimmune uveitis, as inhibition of NOS caused exacerbated injury in both models, although again other studies have produced conflicting results. 76 Therefore, NO may be protective in a number of autoimmune conditions, although further research will be required to fully understand the apparent contradictory effects of NO.
A beneficial protective effect of NO has also been shown in the elicitation phase of contact hypersensitivity, as prolonged inflammatory reactions were observed in iNOS knockout mice. 69 Again, it has been suggested that this effect may be partly because of the induction of apoptosis in infiltrating cells. In a human model similar to sunburn and psoriasis, Ormerod et al. 68 described a cytotoxic effect of high concentrations of topically administered NO to immunocompetent cells, which was not seen with low concentrations. Aminoguanidine, an inhibitor of iNOS, prevented the impairment of renal vascular bed responses and reduced urine nitrate levels and apoptotic mononuclear cells in a rat model of experimental nephropathy. 78 However, although inflammatory apoptosis might be expected to be beneficial, the effect of this form of cell death on prognosis was not studied within the late, sclerotic phase of the disease during this study. In the same model, Rangan et al. 79 discovered that NOS inhibitors exacerbated progression of the disease, and tubulointerstitial injury was also found to be increased in the presence of NOS inhibitors in a model of thrombotic microangiopathy. 80 Two in vivo studies were published in 1999, investigating the effects of NO on macrophage apoptosis in cardiovascular disease of cholesterol-fed rabbits. Niebauer et al. 75 demonstrated that provision of L-arginine (the substrate for NOS) in drinking water could reduce the formation of inflammatory lesions following balloon angioplasty, while Wang et al. 74 showed that it decreased existing atherosclerotic lesions, by inducing macrophage apoptosis.
Thus, there is a significant body of evidence to suggest that supplementation of NO may be beneficial in inflammatory diseases and that the induction of apoptosis in infiltrating cells may have a role in mediating this protection. However, these issues remain controversial, with much conflicting evidence. It is clear, however, that provision of NO may not be suitable for the treatment of all inflammatory conditions, and indeed may only be appropriate at certain stages of disease progression or disease provoked by a particular mechanism. Much further work is required to clarify these issues.
Mechanisms of action of NO
The mechanisms through which NO is able to both promote and delay inflammatory cell apoptosis still remain to be fully elucidated. However, it is generally believed that low concentrations tend to be antiapoptotic, acting through a rise in cyclic GMP or S-nitrosation of caspase enzymes. On the other hand, high concentrations of NO are generally more toxic, inducing either apoptosis or necrosis, with most reports suggesting that such actions occur independently of the sGC signalling pathway (see below).
Another possibility is that NO may indirectly interfere with alternative pathways that regulate inflammatory cell survival. For example, glucocorticoids (GCs) promote eosinophil apoptosis but inhibit neutrophil death. 7, 81 It has been shown that NO can inhibit GC receptor binding through S-nitrosation, 82 and therefore could attenuate both the pro-and antiapoptotic effects of glucocorticoids on inflammatory cells.
Antiapoptotic mechanisms
The pathway by which inhibition of neutrophil apoptosis occurs has not yet been investigated. However, it is known that NO induces a rise in cGMP in neutrophils through activation of sGC. 8, 83 Given that the cell permeable analogues of cAMP (db-cAMP) and cGMP (db-cGMP) can delay constitutive neutrophil apoptosis, 10 and that a rise in cGMP has been postulated to at least partially account for NOmediated inhibition of apoptosis in other cell types, 84, 85 it is possible that an increase in one or other of these cyclic nucleotides mediates the inhibition of apoptosis in neutrophils exposed to low concentrations of NO. A role for cyclic nucleotide (cGMP or cAMP) signalling has also been proposed in NO-mediated inhibition of both constitutive and Fas-triggered eosinophil apoptosis. Beauvais et al. 49 observed that NO could only reduce eosinophil apoptosis when compounds that form nitrosyl-haeme in their liberation of NO were used, which was mimicked by the permeable cGMP analogue db-cGMP and reduced by the sGC inhibitor LY 83583. Pure NO donors alone, in contrast, failed to increase eosinophil survival, although inhibition of apoptosis could be seen if haematin was added alongside a pure NO donor to artificially create a nitrosyl-haeme complex. 51 It has been suggested that such inhibition occurs through activation of sGC by the nitrosyl-haeme complex, 51 which has been shown to occur in vitro using purified sGC, 86 but as yet there is no evidence to suggest that this may occur in intact cells in vivo. However, the mechanism is not fully understood: the issue is complicated by the fact that haeme groups are known to scavenge NO, and therefore might be expected to inhibit NOmediated effects. Inhibition of Fas-mediated apoptosis was reproduced by both db-cGMP and db-cAMP, and potentiated by the phosphodiesterase inhibitor IBMX, 50 again suggesting a role for cyclic nucleotides. This group localised the site of Fas receptor death pathway blockade to downstream of SMase activation and ceramide generation but upstream or around the level of JNK activation. So et al. 87 showed inhibition of the stress protein JNK2 by NO in vitro via Snitrosation.
Secondly, the transcription factor NF-kB is known to regulate neutrophil apoptosis as its inhibition leads to increased apoptosis. 88 Agents such as LPS have been shown to delay apoptosis in this cell type through stimulation of NF-kB and subsequent caspase-1-dependent activation of IL-1b. 89 It has been demonstrated in several cell types that activation of NF-kB leads to the transcriptional upregulation of survival factors such as the immediate early gene, IEX-1L, inhibitor of apoptosis proteins (IAPs), and members of the antiapoptotic Bcl-2 gene family, including Mcl-1, Bfl1/A1, Bcl-XL and Nr13, potentially explaining the survival effects of NO which, at low concentrations, induces NF-kB activation in macrophage cell lines 90, 91 and in human peripheral blood mononuclear cells. 92 Activation of NF-kB may occur through a cGMP-dependent mechanism, 93 and NO has been demonstrated to modulate the expression of several proteins affecting the activity of Bcl-2 family members through sGC activation. A cGMP-dependent mechanism has been proposed to account for the NO-induced downregulation of BNIP3, a dominant proapoptotic Bcl-2 family member in hepatocytes. 94 Levels of MAP kinase phosphatase-3 (MKP-3) mRNA, which causes degradation of Bcl-2 via ERK1/2 dephosphorylation, were seen to be decreased by NO, thus protecting Bcl-2 levels and promoting survival of endothelial cells. 95 The proapoptotic adapter protein, p66shc, is also downregulated by NO via sGC activation. 96 Furthermore, survival genes such as Bcl-2 and Bcl-XL have been shown to be upregulated in the presence of NO in endothelial cells 97 and human neuroblastoma cells; 96 therefore, it seems possible that there is a role for NF-kB-mediated transcriptional regulation in the antiapoptotic effects of NO in inflammatory cells.
Contrasting studies in macrophage cell lines 22, 29, 32 suggest that the redox status of the cell may partially determine the effects of NO. An inhibitory effect of endogenous NO on J774 cell apoptosis can be unmasked when O 2 À is scavenged, 32 and over-expression of SOD also protects RAW 264.7 cells against apoptosis induced by endogenous or exogenously supplied NO. 31 These studies suggest a role for ONOO À in mediating NO-induced apoptosis. Conflicting evidence suggests that RAW 264.7 cells that overproduce O 2 À are resistant to NO-mediated apoptosis, 22 and von Knethen et al.
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observed that O 2 À activates NF-kB, thus mediating survival in these cells. Furthermore, Brockhaus and Brune 31 found that ONOO À had no role in NO-evoked apoptosis, despite the protective effect of SOD in RAW 264.7 cells. Others have found that such protection is observed when cellular thiols are depleted in RAW 264.7 cells. 29 It has been reported that endogenous antioxidant levels, 99 or the balance between oxidative and nitrosative stress, 100 can determine the cellular response to NO. It has been proposed that in low thiol concentrations, NO actually protects against cell death, whereas it induces death in cells with normal thiol levels. 99 Exogenous glutathione has also been shown to enhance neutrophil apoptosis and increase H 2 O 2 levels, possibly leading to hydroxyl radical-mediated damage. 101 In the absence of large quantities of scavenger thiols such as glutathione, but in the presence of oxygen, it is possible that NO S-nitrosates critical effector molecules of apoptosis such as caspases, thus preventing their activation and having an inhibitory effect on the proteolytic cascade. It has been shown by several groups that NO can inhibit a number of apoptotic proteins, 102 including caspase 3 (the protease responsible for the initiation of internucleosomal DNA fragmentation), 103 105 activation via S-nitrosation. Inhibition of caspase 3 has been reported to involve two distinct mechanisms in hepatocytes -direct protein Snitrosation, and another mechanism, which has not yet been elucidated, but is dependent upon cGMP. 108 Therefore, the cGMP-dependent antiapoptotic effects of NO in inflammatory cells may be mediated through an inhibitory effect on caspases.
Proapoptotic mechanisms
Studies have shown that apoptosis in neutrophils and macrophages proceeds via activation of caspase protease enzymes, 10, 112, 113 part of the classical apoptotic effector cascade. However, the upstream mechanisms by which exposure to NO causes these enzymes to become activated has not been clarified, although several theories have been suggested. ONOO À is considered to be one of the most likely candidates for the increased apoptosis of inflammatory cells observed with higher concentrations of NO, particularly in the case of neutrophils, 10, 43, 46 which generate large quantities of O 2
À that rapidly combines with NO to form ONOO À .
Compounds that generate ONOO
À , such as SIN-1, may promote neutrophil apoptosis similar to that evoked by NO, 10 and primary human monocytes also undergo apoptosis in response to ONOO À by a mechanism that involves mitochondrial membrane depolarisation, release of cytochrome c and caspase activation (see Figure 2) . 33 ONOO À has been shown to reversibly or irreversibly inhibit a number of mitochondrial respiratory complexes as well as inducing mitochondrial swelling, depolarisation, calcium release and permeability transition. 114, 115 Macrophage apoptosis can also be induced by exposure to ONOO À , via oxidative stress, which can be reduced by antioxidants such as ascorbic acid or phytolens. 30, 116 Induction of apoptosis by NO in elicited murine macrophages or RAW 264.7 cells has also been attributed to the formation of ONOO À within mitochondria, as nitrotyrosine residues were detected in cytochrome c. 23 ONOO À and metabolites of NO (e.g. N 2 O 3 ) can cause direct DNA damage or inhibit DNA repair enzymes, 117 leading to an increase in the tumour suppressor protein p53, which has been shown to accumulate in NO-treated macrophages and may be the factor responsible for driving them towards apoptosis. 22, 25, 118, 119 The p53 protein promotes apoptosis through upregulation of the apoptotic proteins Bax and cyclin-dependent kinase p21, and downregulation of the antiapoptotic protein Bcl-2 ( Figure  2) . 85 However, Gotoh et al. 24 measured no increase of p53 in NO-mediated apoptosis in RAW 264.7 cells stimulated with LPS/IFN-g. Instead, this group proposed a role for the endoplasmic reticulum stress pathway involving the transcription factors ATF6 and CHOP leading to cytochrome c release (Figure 2) . Also, studies in murine macrophages 31 suggest little or no involvement for ONOO À in NO-induced apoptosis in this cell type.
As previously described, the activation status of the survival factor, NF-kB, has been shown to play a role in regulation of the induction of inflammatory cell apoptosis. 88 It has been demonstrated that high concentrations of NO can inhibit NF-kB activation in macrophage cell lines 91 and human macrophages, 120 monocytes 121 and neutrophils. 121, 122 NO may inhibit NF-kB DNA binding through S-nitrosation of the p50 subunit of the transcription factor, as has been demon-strated in isolated NF-kB protein 123 and in human respiratory cells and murine macrophages. 124 Alternatively, transcriptional induction and stabilisation of the inhibitory molecule IkB, that keeps NF-kB sequestered in the cytoplasm, may account for the inhibition of NF-kB activity. 125 Furthermore, it has been reported that NO inhibits NF-kB activation in rat vascular smooth muscle cells via a cGMP-independent inhibition of the phosphorylation and proteasomal degradation of I-kB, 126 and inhibition of the proteasome by NO has additionally been demonstrated by Glockzin et al. 127 in macrophages. The result of such inhibition would be downregulation of survival factors under the control of this transcription factor, such as the antiapoptotic Bcl-2 family members. Indeed, this has been observed by a number of studies, as exogenous NO downregulates Bcl-2 but upregulates the proapoptotic protein, Bax, in neurons, 128, 129 and upregulates Bad and Bax, but downregulates Bcl-2 in human colon adenocarcinoma cells. 130 In nonsmall cell lung cancer cells, it has been shown that NF-kB inhibition leads to apoptosis by increasing mitochondrial permeability, thus allowing release of cytochrome c and subsequent caspase activation (see Figure 2) . 131 This concurs with findings by Borutaite et al., 40 who demonstrated increased mitochondrial permeability and cytochrome c release from isolated rat mitochondria, and increased caspase activation in J774 cells treated with S-nitrosothiols (SNAP, GSNO) but not NONOates (DETA/NO), which activate caspases through an as yet unidentified alternative mechanism. As S-nitrosothiols readily transnitrosate endogenous cysteine residues, this supports the concept of Snitrosation of the NF-kB p50 subunit as the mechanism of inhibition.
In addition, the biphasic effects of NO on NF-kB activation reported by Connelly et al. are mirrored by its effects on the open probability of the mitochondrial permeability transition pore (MPTP). Low concentrations of NO donors (GEA 3162, SNAP, SIN-1; 1-20mM) delayed or had no effect on MPTP opening, while at higher concentrations (20-100mM), opening was enhanced. 132 In this study, GEA 3162 was found to be particularly effective at inducing MPTP opening compared to the other two NO donors, and this drug induces neutrophil apoptosis at lower concentrations than NONOates 48 or SIN-1. 10 Enhanced MPTP opening on exposure to NO was also reported by Hortelano et al. 133 Therefore, there is growing evidence to suggest that the proapoptotic effects of NO in inflammatory cells may be mediated, at least in part, through inhibition of NF-kB.
Albina et al. 18 proposed metabolic inhibition as a potential mechanism, as glucose starvation and inhibition of glycolysis or the TCA cycle all pushed macrophages into apoptosis. On the other hand, inhibition of the electron transport chain of respiration had no effect, 18 and Messmer and Brune 26 showed no reduction in NAD + or ATP levels in NO-induced apoptosis, suggesting that NO does not act through respiratory inhibition. In contrast, others have reported that NO inhibits mitochondrial respiration through two distinct pathways. 114, 115 Reversible inhibition of cytochrome oxidase was seen with low concentrations of NO, whereas higher concentrations caused an inhibition of alternative respiratory chain complexes. 115 Inhibition of complex IV was reversible, whereas inhibition of complex I was irreversible. 114 Of course, the mechanisms described above may not be mutually exclusive. For example, respiratory inhibition by NO may enhance the production of reactive oxygen species by mitochondria, leading to the formation of ONOO À and providing an ONOO À -mediated pathway for NO-induced cytotoxicity (Figure 2 ). 115 
Conclusion
NO has a biphasic effect on apoptosis in many cell types, in which low concentrations delay but higher concentrations enhance this form of cell death, a pattern that has recently been confirmed in neutrophils. This correlates with the dichotomous action of NO on the activity of caspase enzymes responsible for the execution of apoptosis in vitro. Inhibition of caspases by S-nitrosation is a direct consequence of exposure to low concentrations of NO or, more likely, its oxidation products (e.g. N 2 O 3 ). On the other hand, activation of these enzymes observed during the proapoptotic actions of higher concentrations represents a downstream event following initial effects on DNA or mitochondria, and can therefore be considered an indirect effect of NO.
Although the mechanism of inhibition has not yet been fully investigated, it is likely that cGMP production, NF-kB activation and subsequent expression of survival proteins or S-nitrosation of apoptotic proteins will play a major role. Inhibition of eosinophil apoptosis has been reported, but only with certain sources of NO that are capable of activating sGC with a consequent rise in cGMP. No such inhibitory effects have yet been demonstrated in monocytes or macrophages, and it remains to be seen whether these cell types are capable of producing such a response to low concentrations of NO.
It has been demonstrated that exogenous NO can induce apoptosis in all inflammatory cell types discussed in this review: monocytes, monocyte-derived macrophages, neutrophils and eosinophils. In addition, endogenous NO from iNOS also promotes apoptosis in macrophages. There still remains some controversy over the mechanism by which this molecule causes this form of cell death, although it involves activation of caspase proteases, and most agree that this occurs through a cGMP-independent pathway. Moreover, mitochondria appear to play a key role in the initiation of apoptosis by NO through release of cytochrome c, resulting in caspase activation.
It is clear that ONOO À derived from SIN-1 or other agents has the ability to promote apoptosis in its own right, but its role in mediating NO-induced apoptosis remains controversial. Some groups have reported that NO-evoked cytotoxicity is likely to be effected through ONOO À formation, while studies by others have indicated little or no role for ONOO À . Modulation of the activation status of the transcription factor NF-kB has also been proposed to account for NO-induced apoptosis in neutrophils and macrophages, and there is an increasing body of evidence to support this theory. On the other hand, DNA damage (by N 2 O 3 or ONOO À ) has also been shown, leading to an accumulation of the proapoptotic molecule p53.
Differences may exist in the mechanisms by which NO causes apoptosis in different cell types that could potentially be exploited to target a particular inflammatory cell type in certain conditions. Despite the uncertainties and controversies surrounding the regulation of inflammatory cell apoptosis by NO, it is clear that the class and concentration of NOdonating compound used and the cell type are critical determinants of the response. Major differences between different classes of NO donors and opposing effects with low and high concentrations of certain NO donors are observed. Thus, the amount and rate of NO release and the redox status of the target cell appear to be key factors in the cellular response to NO exposure, and certain NO donors appear to be more effective than others in promoting inflammatory cell apoptosis.
It is also important to realise that the concentration of NO donor used may not necessarily reflect the concentration of NO to which the cells are exposed. Equivalent concentrations of different NO donors may liberate NO to different extents or at different rates, or may produce different reactive nitrogen species, such as ONOO À . Culture conditions may also affect NO levels; for example, plasma proteins such as albumin are able to scavenge NO through the formation of S-nitrosothiols. 13, 134, 135 Therefore, the concentration of free NO in the vicinity of the cells at any given time may vary from compound to compound, and the NO concentration in the system needs to be measured in order to directly compare different NO donors.
The vast majority of work on this subject has been carried out using in vitro systems, often utilising animal cell lines. How the results obtained in these systems relate to the in vivo situation during inflammation in humans still largely remains to be determined, but two studies in rabbits show that NO is a promising candidate for treatment or prevention of inflammatory conditions such as atherosclerosis and restenosis, possibly by influencing apoptosis. 74, 75 Further studies are required to elucidate completely the mechanism of action of NO on inflammatory cell apoptosis, in order to identify potential targets for the treatment of human inflammatory conditions and to evaluate the sources of NO that provide greatest therapeutic potential.
